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Honors Abstract Addendum
Superhydrophobic polystyrene nanofiber membranes have potential to separate micron
scale water droplets from organic due to their hydrophobicity and small pore openings.
Polystyrene nanofibers were electrospun into flat sheets and cylindrical filter membranes. The
fibers were crosslinked to increase strength and reduce solubility in diesel fuel. The filters were
tested and the filtration efficiency was compared to their non-crosslinked counterparts. The
optimal electrospinning conditions to create superhydrophobic nanofibers were found to be 20
wt. % PS fibers at 1 mL/hr. under a current of 20kV and at a distance of 20 cm away from the
ground. It was found that crosslinking the fibers had a positive effect on the filtration
performance with the average efficiency being 91% compared to 80% for the non-crosslinked
fiber mats.
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Executive Summary
There are several different causes for poor engine performance in diesel-fueled engines.
One explanation is the presence of water in the diesel fuel. Diesel fuel is a specific concern
because, while all fuels contain residual water, diesel is less refined, causing it to have more
water than the standard gasoline and other fuels. Water in the diesel has a variety of negative
effects on components of an engine. It can cause bacterial and microorganism growth to occur
within the engine which can plug various components. Additionally, the water aides and
accelerates the corrosion of several parts. Due to its harmful impact, research is being completed
on various methods to remove water from diesel fuel. One such way to achieve this is through
the use superhydrophobic polymer nanofibers produced using electrospinning.
Work was done to examine the optimal electrospinning conditions in order to produce
superhydrophobic fibers made from varying concentration of polystyrene in dimethylformamide
solutions. The optimal conditions were: 20 wt. % PS solution with a flowrate of 1 mL/hr.,
applied voltage of 20 kV, and a gap distance of 20 cm between the needle and the grounded
collector surface. Under these conditions, superhydrophobic nanofibers could be produced.
In order to be considered superhydrophobic, the measured water contact angle of the
fibers must be greater than 150°. The average water contact angle measured for these nanofibers
was determined to be 153°. Following the water contact angle, images of the fibers were taken
using a Scanning Electron Microscope and the average fiber diameter size distribution was
calculated. For nanofibers made from a 20 wt. % PS solutions, the average fiber diameter size
was 1.77 μm. It could be seen from the water contact angles and the fiber diameters that, an
increase in the solution concentration caused an increase in the average fiber diameter and
average water contact angle.
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The nanofibers were then made into two different types of tubular filters; flat sheets of
nanofibers wrapped around springs, and nanofibers directly electropun onto the springs. These
filters were tested to determine their filtration efficiency. The filters made from the flat sheets
wrapped around the springs had a higher initial efficiencies than the directly spun filters at 97%
and 62%, respectively. Both types of filters’ efficiencies decreased drastically as the experiment
continued on.
Due to this, the next experiment was run using crosslinked PS fibers in order to determine
if that would improve the efficiency of separation. Using filters made from crosslinked fibers, it
was determined that the filters made by directly electrospinning onto springs performed better
than those wrapped around the springs with the initial efficiencies being 94% and 87%,
respectively. Additionally, it was observed that the efficiencies of both types of crosslinked filter
decreased as the experiment continued to run. The overall average filtration efficiencies for the
filters was calculated in order to determine whether crosslinking the fibers had a positive effect
on the separation. The average efficiency for the non-crosslinked fibers was determined to be
80% with the average being 91% for the crosslinked PS fibers. Based on this, it can be concluded
that the crosslinked filters performed better than their non-crosslinked counterparts.
Several broader impacts, including technical and career skills as well as personal skills,
were accomplished throughout the course of this research. A variety of equipment was used in
order to characterize the nanofibers which required a certain amount of training and
understanding. I learned how a Scanning Electron Microscope works as well as how to safety
operate one. In addition to the SEM, I was trained on how to measure the water contact angles of
fibers as well as how to determine their average fiber diameter distribution using analysis
software. While there were several successful electrospinning attempts as well as filtration
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experiments, there were far more unsuccessful trials. Through the failures, I learned about how
volatile a research environment can be. I learned that though some trials may not run as planned,
the results of those trials can be used to improve future attempts. The personal skill where I
developed the most was time management. In order to ensure that I was prepared to run filtration
experiments, the adequate amounts of fibers needed to be electrospun which meant that I had to
spend time in the lab electrospinning and creating the filters. Additionally, throughout the entire
duration of this research, I was taking classes so I had to budget my time in order to be
productive in the lab as well as maintaining good grades.
The research that is being completed on water-diesel separations using polymer
nanofibers made by electrospinning can greatly improve the life and longevity of engines fueled
by diesel. While there have been successful filtration experiments run using non-crosslinked and
crosslinked polystyrene fibers, continued work should be done. Additional filtration experiments
should be run comparing flat sheet wrapped tubular filters with filters made by directly
electrospinning the fibers onto springs. Work should also be completed in order to determine if
crosslinking the PS fibers improves the filtration efficiency. Overall, the optimal electrospinning
conditions for creating superhydrobic nanofibers from a solution of PS-DMF was determined
and characterized. Moreover, several filtration experiment were conducted using these fibers in
order to determine their efficiency in separating water from diesel fuel.
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1. Introduction:
Water contained in diesel fuel is one of the primary causes of poor performance in dieselfueled engines. It can cause the corrosion of several engine components as a result of reactions
with fuel components. The water can also cause microorganisms to grow, which can plug several
different components of the engine [1]. Overall, the presence of water in diesel-fueled engines
can decrease the engine life leading to expensive repairs. Extensive research is currently being
done in order to develop filtration mediums to remove the water from the ULSD (Ultra-Low
Sulfur Diesel). One such way to achieve this is through the use of superhydrophobic nanofiber
filters. Fibrous filter materials are used to aid in the coalescing of water droplets, making them
larger and subsequently, easier to separate from the diesel [8].
Superhydrophobic materials are those that do not like water and these materials are
characterized by having a water contact angle (wca) of greater than 150°. Superhydrophobic
materials can be fabricated by a number of different methods. Each method can produce a
material that interacts with the water droplets differently and may have different performances
when used in water-ULSD separations. Due to this, it is necessary to determine which conditions
give the best materials performance. Several different polymer materials have been discovered to
have hydrophobic properties and can be dissolved in various solvents. Various polymers have
been used to produce superhydrophobic nanofiber filters including poly (vinylidene fluoride-cohexafluoropropylene) (PVDF-HFP) and polystyrene (PS).
There are many different reasons to investigate the use of polystyrene as a possible
polymer to electrospin nanofibers from. The polystyrene in question is a form of the polymer
known as expanded polystyrene (EPS). EPS is a very lightweight and versatile polymer that has
a multitude of uses such as insulation, packing materials, and plates and cups. EPS is used in
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many different industries because of its versatility and insulation qualities however the use of
polystyrene can have a very strong negative impact on the environment. Due to the fact that EPS
contains a large quantity of air, making it very light, it is very difficult to recycle and is therefore
usually disposed of to a landfill. However, EPS is a non-biodegradable substance that can exist
for hundreds of years before it degrades. It is also resistant to photo-dissociation, which is a
method used to break down materials via a chemical reaction using photons [10]. Due to this
impact, the need for recycling polystyrene into other uses has increased. Finding an alternative
use for used EPS can reduce the amount of this non-biodegradable substance in the landfills.
One target area of my work was to determine the optimal conditions for electrospinning
nanofibers from a solution of polystyrene and DMF. A variety of concentrations were to be used
in order to determine which conditions gave nanofibers that were superhydrophobic. Once the
optimal conditions were determined, continued work was done to electrospin these nanofibers
into flat sheet filters that could then be wrapped onto a spring in order to create tubular filters.
Additionally, PS nanofibers were to be spun directly onto the spring in order to compare the
performance between the wrapped tubular filters. As an added component to the work
completed, I also began to compare performances of filters made with photo-cross-linked PS
nanofibers to their non-cross-linked counterparts.
A detailed background on the need for water-diesel separations in engines as well as use
of polystyrene in these filter medias is presented in the Background section of this report.
Additionally, the electrospinning methods and conditions used to create the nanofibers as well as
the characterization of the fibers can be seen in the section titled Methods and Materials. The
results of each filtration experiment is presented and discussed in detail. The raw data and
various calculations are summarized in the Appendix of this report. Overall, continued work will
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be completed to improve the filters made from PS-DMF solutions and improve the separation
efficiency of the tubular filters.
2. Background:
Water contained in diesel fuel is one of the primary causes of poor performance in dieselfueled engines. While all fuels contain some water, diesel fuel is less refined, causing it to have
more water than the standard gasoline and other fuels used in equipment. Fuel that contains large
amounts of water can cause the engine to cool quickly which can lower the longevity of the
engine and lead to expensive repairs [1]. There are several ways that the water can enter the
diesel fuel depending on the surrounding environment. One of the most common ways that water
enters the fuel is through the condensation of the moisture in the air. Additionally, water can be
introduced into the system through the transport of the fuel through the refinery pipelines,
storage tanks, and transport trucks until it reaches its final destination [2].
Water exists in three major forms in the fuel; free water, dispersed water, and dissolved
water. Free water can generally be separated using gravity or other mechanical means. Dispersed
water often has droplet diameters less than 100μm and can be separated using a coalescing filter
[3-6]. Dissolved water must be removed using an alternative form of separation such as
distillation. In addition to the degradation of the engine, the water in the fuel can also react with
other fuel components and cause corrosion in the engine. Microorganisms can also react with the
water and cause growth. These organisms can lead to several of the engine components
becoming plugged [5].
Due to the extensive problems that water can cause to a diesel-fueled engine, it is
necessary to develop improved coalescing filers to effectively remove the dispersed water
droplets from the diesel fuel. One such way to accomplish this is through the use of

9

superhydrophobic nanofibers electrospun from polystyrene. This nanofiber filter is made from a
solution of the polymer, polystyrene, dissolved in dimethylformamide (DMF). When this
polymer-solvent solution is electrospun to nanofiber diameters, the surface roughness of the
fibers is increased, which can lead to superhydrophobic nanofiber filters that can be used in
water-ULSD separations [7].
In addition to flat nanofiber mats being used as filters, additional research was completed,
comparing cylindrical filters to flat sheet filters in terms of efficiency. Tubular filters were tested
for the separation of water from ULSD. It was determined that the tubular filter preformed much
more efficiently than a flat sheet filter of the same material under the same conditions [9].
Taking into account this previous investigation, current work is being completed in order to
determine whether flat sheets can be made into tubular filters by wrapping the sheet around the
tubular material, in this case a spring. Research is currently being done to compare the flat-sheet
tubular filters with nanofibers directly spun onto the springs, creating tubular filters using
different solutions of polymers and solvents at different concentrations and electrospinning
conditions.
Based on the surface properties of polystyrene, research is also being done in order to
determine if crosslinking the PS can improve surface qualities, leading to increased strength.
Through the research completed, it was determine that polystyrene can be photo-cross-linked
using UV light in order to modify the surface properties. The exposure time of the sample to the
UV light must be monitored closely in order to prevent the potential degradation of the
polystyrene nanofibers [11]. This work was taken into consideration when determining the next
steps in order to improve the PS-DMF nanofiber filters.

10

The specific focus of my research was to determine the optimal conditions for
electrospinning nanofibers from a solution of PS-DMF. The goal was to produce nanofibers that
were superhydrophobic, or had a wca of greater than 150 degrees. The concentration of the
solution used was varied in order to compare results. The fibers produced were evaluated for
their water contact angle as well as fiber diameter size. Additionally, I was to compare the
filtration efficiency of nanofibers directly spun on to the springs with fibers electrospun into flat
sheets and wrapped on springs in separating water from ULSD. The filtration efficiency was
determined by measuring the water concentration of the ULSD upstream of the filter and
comparing it with the concentration downstream. As a variation in the filter samples, I began to
investigate whether crosslinked samples of PS-DMF nanofiber tubular filters would perform
better than their non-crosslinked counterparts.

3. Experimental Materials and Methods:
3.1 Materials:
Polystyrene was used as the polymer in order to create the nanofibers. The polystyrene
came from Styrofoam cups in order to simulate the ability to create superhydrophobic nanofibers
from recycled polystyrene. The solvent used was N-N Dimethylformamide (DMF), purchased
from Macron Fine Chemicals and was used without any further purification. DMF was chosen as
a solvent to dissolve polystyrene in due to the success of the solvent in previous work [11].
Aluminum foil was used as a collector to create the flat sheet nanofiber sheets. Stainless
steel compression springs were used as the medium to create the tubular filters. The outer
diameter of the spring was 2.4mm (0.094 in) and 120mm (4.72 in.) in length. The springs have a
wire diameter of 0.33mm (0.013 in.). A stainless steel rod with a diameter of roughly 1.7 mm
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(0.068 in.) was placed inside of the spring and fixed to a motor that rotated the spring at about 6
RPM.
In order to prepare the PS to be dissolved in the DMF, the Styrofoam cups were cut into
small pieces. The PS-DMF solution was made by dissolving different weight %’s of polystyrene
into the DMF over an extended period of time, at room temperature. Due to the high volume of
the polystyrene compared with the DMF, only 2-4 small pieces of polystyrene could be dissolved
at a time. The total time to dissolve the PS ranged between 1 to 2 hours depending on the
concentration of the solution. The concentrations of PS in DMF that were investigated were: 15
wt. %, 17 wt. %, and 20 wt. % PS-DMF. Mild stirring was used in the preparation of all
electrospinning solutions.
3.2 Electrospinning:
Figure 1 shows a schematic of the electrospinning set-up. The polymer solution was fed
into a 5mL plastic syringe equipped with a 21-guage needle. The syringe was placed into a
syringe pump to meter the flow of the solution at a rate of 1ml/hr. The needle of the syringe was
placed horizontally and perpendicular to the collector at a distance of about 20 cm. A high
voltage power supply (Gamma high voltage, Ormond Beach, FL) was used to supply 20 kV of
electricity to the syringe. This created a potential difference between the syringe needle and the
grounded collector. A summary of the electrospinning conditions used to create
superhydrophobic nanofibers are in Table 1.
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Figure 1: Schematic of the electrospinning set-up used to create nanofibers from a solution of PS-DMF

Table 1: Electrospinning conditions evaluated for different concentrations of PS-DMF

Concentration (wt. %)
15%
17%
20%

GSM
10
10
10
20

Power
20 kV

Distance
20 cm

Flow rate
1 mL/hr

For the nanofiber mats, the fibers were collected on a flat sheet of grounded aluminum
foil with a specific area. This was to ensure that the fibers would have a certain measurement of
grams per square meter (GSM). The flat sheets measured 8cm by 12.5cm so that they could be
adequately wrapped around the springs to create the tubular filters. For the filters that were to
have the nanofibers directly spun onto the springs, a slightly different set-up was implemented.
Figure 2 shows a schematic of the electrospinning set-up in order to directly spin nanofibers onto
springs. A photo of the electrospinning set-up for creating nanofibers directly spun onto springs
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can be seen in Figure 3.
Motor

High Voltage Power Supply

v
V
Spring
Syringe Pump

Fibers

Needle

Rotating Rod

Grounded
Collector

Figure 2: Electrospinning set-up to directly spin nanofibers onto springs to create tubular filters.

Motor

Rod &Spring

Grounded
collector
Needle

Fibers

Figure 3: Image of the electrospinning set-up used to create tubular filters by directly spinning fibers onto a
spring.

14

For the purpose of electrospinning directly onto tubular filters, a motor, compression
spring, and rotating stainless steel rod was added to the experimental set-up. The nanofibers
collected on the rotating spring instead of the grounded foil. To ensure that the flat-sheets
wrapped around the springs and the fibers directly spun on springs were the same, the weight of
the spring was recorded before and after spinning so that the same basis weight could be
achieved for both filters.
Once the nanofibers sheets were electrospun, the filter properties were measured. The
characterization preformed on the fibers was intended to measure water contact angle in order to
determine if the nanofibers were superhydrophobic. Additional characterization done was on the
surface structure of the nanofibers, which could be used to determine the nanofiber diameters.
The mass per unit area (basis weight) was also measured for each sample.
3.3 Filtration Apparatus Set-Up:
In order to prepare the tubular filters, the flat-sheet nanofibers were wrapped around
compression springs. 2 flat-sheets measuring 8 cm by 12.5cm were needed to make 4 tubular
filters. The sheets were cut in half and very carefully wrapped around the springs. The fibers
were attached to the spring using a 50/50 mixture of glue and epoxy. Once the sheets were
wrapped around the springs, the springs were carefully placed into a plexiglass sheet with holes
specifically drilled for the springs. The wrapped springs were secured into the center plexiglass
sheet using the same mixture of glue and epoxy and allowed to dry. The springs with the
nanofibers directly electrospun were attached to a Plexiglas sheet by placing the ends of the
springs into holes in the sheet. The springs were sealed around the edges of the holes with epoxy
and allowed to dry. Figure 4 shows images of the tubular filters in the Plexiglas holders.
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Figure 4: Photos of tubular Filters placed in a Plexiglas sheet.

Once the tubular filters had been given at least 24 hours to dry, the rest of the filter
apparatus was assembled. The holder was constructed using 3 different Plexiglas pieces. The
centerpiece of Plexiglas held the 4 tubular filters. The inlet and outlet pieces were fabricated with
cavities to accommodate the shapes of the filters and were equipped with fittings for inlet/outlet
flows, air vents, and taps for pressure measurements. When the entire apparatus was assembled,
the centerpiece was placed between the inlet and outlet Plexiglas pieces. Figure 5 shows an
expanded schematic of the filter holder.

Inlet Piece
Inlet
Water & Diesel

Water Droplets

Tubular Filter

Diesel
Outlet

Center Piece

Diesel

Diesel

Vent

Outlet Piece
Figure 5: Expanded Schematic of Tubular Filter Holder
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3.4 Water-Diesel Separation Experiment and Procedure:
In order to complete the experiment set-up, water must be added to the diesel fuel in
order to be dispersed. This was accomplished by adding the required amount of water to the
ULSD and mixing the liquids with an agitator for an hour. During this time, the two filter holders
were placed and connected into the experiment set-up. The filters were placed in parallel with
each other in order to compare them side-by-side and under the same conditions. Figure 6 shows
a photo of the filters in parallel and connected to the filtration experimental set-up. The pressure
transducers can also be seen in the photo. The pressure transducers were used to measure the
pressure drop across the inlet and outlet of the filter. The pressure drop was one of several
measurements that characterized the performance of the filters.

Figure 6: Image of parallel filter holder set-up.

A diesel pump was used to pump the mixture from the tank. A recirculation line returned
the water-ULSD mixture to the tank to aid in the mixing and dispersion of the water. A side
stream from the recycle line directed part of the flow to the two filters. As the water-ULSD
mixture entered the inlet of the filters, the water droplets collected on the nanofiber surface of the
17

filters, while the ULSD flowed through the spring and into the outlet cavity of the filter holder
and exited the assembly. Water-ULSD samples were taken at several sample points along the
flow path to measure the water concentration of the mixture before and after the filters. The
filtered ULSD streams were collected into a storage tank. Figure 7 shows a schematic of the
experimental set-up.

Figure 7: Experimental set-up for the separation of water from USLD using tubular filters.

The experiments were run for a total of 1 hour. Upstream and downstream samples were
taken to measure the water concentration within the streams. From the concentrations the filter
efficiencies were calculated. With the dual filter setup, one experiment could simultaneously
evaluate the efficiencies of both wrapped sheet and directly spun tubular filters.
Three experiments were run and evaluated before it was decided that the PS fiber mats
were too weak to give consistent and effective results. The decision was made to crosslink the
polystyrene nanofibers to improve their strength. Two more filtration experiments were run with
18

the cross-linked PS filters. The results of the experiments are described in the Results and
Discussion section of this report.
3.5 Crosslinking the PS-DMF nanofibers:
The properties of the PS mats needed to be improved for the mats to serve as filters. A
literature review showed that the properties of PS could be modified by photo-crosslinking using
UV light. [10] To accomplish this, the fiber mats were electrospun the same way as previously
described. The mats were placed underneath a UV light and covered. The mats were exposed to
UV light for 1 hour. It was pertinent to monitor the sample while it was being cross-linked due to
previous research that stated that the longer the exposure time to the UV light, the greater the risk
of sample degradation. The crosslinked filters were tested the same way as described previously.
3.6 Fiber Analysis Methods
3.6.1 Water Contact Angle
Electrospun flat mats of PS fibers were analyzed in several ways in order to determine
their characteristics. To determine whether the fibers were superhydrophobic the water contact
angle was measured using the Krűss Drop Shape Analyzer (DSA) model DSA20E. The 5μL
water drops were placed on the mats using a syringe attached to the DSA, as shown in the photo
in Figure 8.

Figure 8: Image showing the Drop Shape Analyzer used to measure the water contact angle of several samples of
PS/DMF
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The various weight % of PS/DMF solutions were first tested for their intrinsic water
contact angle. This was done by coating a glass slide with the solution and allowing it to dry for
1 hour. Once the solution had dried, the glass slide was placed onto the stage of the DSA and the
water drop was placed onto the slide. Once the appropriate level of focus had been reached, the
water contact angle could be measured. The intrinsic water contact angle for the different
concentrations of PS and DMF are listed in the Results and Discussion section of this report.
Once the intrinsic water contact angle was measured, the water contact angle of the
nanofibers electrospun from the solutions needed to be measured and compared to their intrinsic
water contact angle counterparts. The was accomplished by electrospinning the appropriate GSM
of the nanofibers onto the glass slide and measuring it the same way as the intrinsic water contact
angle was measured. Based on the water contact angle of the nanofibers, a conclusion of whether
or not the fibers were superhydrophobic could be determined. The results of this analysis can be
seen in the Data and Results section of this report.
3.6.2 Surface Properties and Average Diameters of Nanofibers
The surface structures of the samples were observed using a Scanning Electron
Microscope (SEM). The images collected were used to determine if the fibers had beads on them
or whether they were smooth. Additionally the images were used to examine the fibers and
eventually determine the average fiber diameter size of the nanofibers electrospun from different
concentrations. ImageJ analysis software along with FibraQuant software was used to determine
the average fiber diameter.
3.6.3 Filtration Efficiency Analysis
During the filtration experiments drop size distributions were measured for upstream and
downstream fluid mixture samples at 20-minute intervals. Drop size distributions were
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measured using a particle counter (shown in Figure 9), AccuSizer model 780 PALS-Particle
Sizing Systems, Port Richie, FL, USA; sensor range 0.5–500 lm. The drop size distributions
were integrated (summed) to determine the total mass concentrations of water in the ULSD.

Figure 9: Image of the Accusizer used to measure the water droplet distribution in samples of diesel fuel.

4. Results and Discussion:
4.1 Electrospinning
The goal of the electropsinning experiments was to determine the optimum conditions to
create superhydrophobic nanofibers. The parameters that were considered included concentration
of solution, grams of fibers per area (basis weight), power source, distance from the needle to the
grounded surface, and flow rate of solution. The parameter that was varied and evaluated was the
concentration of solution used. Three different concentrations were evaluated: 15%, 17%, and
20% (wt/wt) PS in DMF. Table 1 lists the electrospinning conditions that were used for each
concentration. Also varied was the basis weight of the 20 wt. % PS fibers. This was due to fibers
being too thin at a basis weight of 10g/m2. The other parameters were held constant, but could
be varied in future work. The results showed each concentration was successfully electrospun
into fiber mats.
21

4.2 Morphology and Surface Properties
Samples of the electrospun fibers were imaged using a Scanning Electron Microscope
(SEM). Inspection of the images showed the morphologies and surface properties of the fibers
were greatly impacted by the electrospinning conditions used to produce the fibers. Adjusting the
parameters such as solvent, concentration of solution, and the applied voltage can affect the
morphologies [14]. The commonly observed of surface morphologies include beads, beads-onstring, and smooth fibers. Beads usually appear on fibers when the solution used has a low
polymer concentration. Beaded fiber mats usually require a higher pressure to push the ULSD
through the filter due to the reduced pore sizes of the mats [15]. Because of this, the ideal surface
morphology for the nanofibers is smooth fibers, with no beads.
Several SEM pictures were taken for each concentration used. Sample images are shown
in Figures 10-12. The images were used to determine the average fiber diameter size distribution
for the fiber mats.

Figure 10: SEM images for 15% PS in DMF nanofibers produced via electrospinning.

22

Figure 11: SEM image for 17% PS in DMF nanofibers produced by electrospinning.

Figure 12: SEM images for 20% PS in DMF nanofibers produced by electrospinning.

Inspection of Figures 10-12 shows that none of the nanofiber mats produced, regardless of
concentration, had beads and that all of the fibers had smooth surfaces.
4.3 Intrinsic Water Contact Angle
The average intrinsic water contact angles of the polymer/solvent solutions coated onto
glass slides are listed in Table 2. The contact angle for an uncoated glass slide is also listed. It
can be seen that as the contact angles of the coated glass slides varied by a few degrees for the
different concentrations of PS-DMF solutions. This may be due to roughness or irregularities on
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the coated surfaces, but none of the measurements indicated that the solutions were
superhydrophobic.
Table 2: Intrinsic Water Contact Angle for various concentrations of PS-DMF solutions.

Std. Deviation (+/-)
Concentration
Avg. Contact Angle
Glass
55.5
12.74
15%
104.5
5.41
17%
103.4
4.92
20%
106.3
Example images of water drops sitting on the solution coated glass slides are shown in Figure 13.

Figure 13: Intrinsic water contact for 15 wt.% PS-DMF coated glass slide (right, 93°); 17% wt.% PS-DMF coated
slide (middle, 95°); and 20 wt.% PS-DMF coated slide (left, 104°)

4.4 Water Contact Angle and Superhydrophobicity
Once the water was placed on the surface of the fiber mats, the water contact angle could
be measured. It was expected that the contact angle would increase compared to the PS coated
glass slides due to the Cassie-Baxter roughness effect that traps air pockets in the pores of the
fiber mats. The contact angles of the fiber mats might change with the solution
concentration because the solution concentration affects the fiber diameter and the pore
sizes in the mat. [16-17]
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The purpose of evaluating different concentrations was to determine whether the PS
mats were superhydrophobic which are expected to give improved filter performance. Table 3
lists the results of the water contact angle analysis on the fiber mats formed by the three different
solution concentrations. It can be seen that the highest concentration, 20 wt. % PS-DMF,
produced superhydrophobic nanofiber mats with an average water contact angle of 153°. The
other two concentrations, 15 wt. % and 17 wt. %, produced mats that had water contact angles
below 150°, indicating that the latter fiber mats were not superhydrophobic.

Table 3: Water Contact angle of various concentrations of PS-DMF electrospun fibers

Concentration
15%
17%
20%

Weight Basis (g/m2)
10
10
20

Avg. Contact Angle
128.6
135.1
153.1

Std. Deviation (+/-)
3.08
6.09
10.1

It can be seen in Table 3 that the water contact angle tended to increase with the solution
concentration. The basis weights for each sample are listed in Table 3. The mat basis weights can
affect the pore sizes and hence affect the Cassie-Baxter phenomena. As the solution weight % of
polystyrene increased, the water contact angle increased. Example images of water sitting on
electrospun PS fibers are shown in Figure 14.

Figure 14: Water droplet on the surface of a 15 wt.% PS electrospun fibers (right); 17 wt.% PS electrospun fibers
(middle); 20 wt.% PS electrospun fibers.
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Based on the results of the water contact angle testing done, it was concluded that using a
concentration of 20 wt. % PS in DMF at the electrospinning conditions described in Table 1
would produce superhydrophobic nanofiber mats.
4.5 Average Fiber Diameter Distribution
It is expected that the fiber diameter would increase as the concentration of PS in the
solution is increased. This is because, generally, larger fibers are formed when more polystyrene
is used in the solution. The average fiber diameter distribution for the nanofibers was determined
using the SEM images taken. The images were uploaded and edited using ImageJ in order to
improve the contrast of the image so that the fiber diameters could be clearly measured. The
software used to determine the average fiber diameter size was FibraQuant.
The average fiber diameter for 15 wt. % PS-DMF was determined to be 1.37μm. When
the weight % of PS was increased to 17%, the fiber diameter was determined to be 0.89μm.There
are several reasons why this concentration might not be following the expected trend. First, the
fibers analyzed using the SEM were taken from a small portion of the overall sample. Therefore,
the fibers could have been a representation of the overall fiber diameter size for the sample.
Second, due to scheduling complications and equipment maintenance, only 2 images
could be examined for the fiber diameter and the results were averaged. More images are needed
for a better sampling in order to validate the expected trend. This is left for future work when the
SEM is available.
The 20 wt.% PS fiber’s average diameter distribution was determined to be 1.77 μm.
Figure 15 has a plot of the fiber size distribution for the 20% PS solution. The distribution
follows a normal distribution with the average size being 1.77 μm.
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Figure 15: Fiber size distribution for 20% PS electrospun fibers

Comparing the 15 wt. % and 20 wt. % fibers, it can observed that they follow the
expected trend of increasing diameters as the polymer concentration is increased. Table 4 lists
the average fiber diameters for the various weight % of fibers.

Table 4: Average fiber diameter distribution for 15, 17, and 20 wt. % PS electrospun fibers

Fiber Diameter (µm)

Concentration
(wt. %)

Average

Std Dev

Median

15%
17%
20%

1.371
0.891
1.772

0.601
0.406
0.575

1.293
0.810
1.732

Since the 20 wt. % PS fibers were proven to be superhydrophobic based on their water contact
angle, they were made into the two types of tubular filters.
4.6 Water-ULSD Filtration Results
Three different water-diesel filtration experiments were conducted using 20 wt. %
polystyrene fibers One experiment using non-crosslinked fibers and the other two using
crosslinked PS. The filtration experiments compared the performance of flat-sheet fiber filters
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wrapped around springs and fibers that were directly electrospun on to springs. The experiment
started when diesel fuel completely filled both the upstream and downstream of the filter. After
allowing the experiment to run for 10 minutes, water droplets could be visibly seen collecting on
the surface of the filter as shown in Figure 16.

Water
droplets

Figure 16: Image of water droplets collecting on the tubular filter.

As the experiment progressed, the water droplets continued to stay on the surface of the
filter and coalesce into larger drops. As the drop sizes increased, they began to roll down the
sides of the tubular filters due to gravity. After the experiment was run for 20 minutes, both
upstream and downstream samples were taken in order to measure the water concentration
within the streams. Samples were taken in 20-minute intervals and the size distribution of water
droplets was measured. Through the water droplet concentration, the overall efficiency of the
filters could be calculated. The formula to determine the efficiency by individual water drop size
is as follows:
𝑛 (𝑥)

𝐸(𝑥) = 1 − 𝑛0(𝑥)
𝑖

(1)

where n0(x) is the number of water drops per milliliter of size x in within the size range Δx in the
downstream sample and ni(x) is the number of drops per millimeter of the same size x in the
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same size range in the upstream sample. The mass of water droplets determined by the PALS
analysis was calculated using the formula:
𝜋

𝑀 = Σ𝜌 6 (𝐷𝑗 )3 𝑛𝑗

(2)

where Dj is the diameter of the drops being measured and nj is the number of those drops at that
diameter. The overall separation efficiency was calculated from the total mass of water droplets
by the formula
𝑀

𝐸𝑇𝑜𝑡𝑎𝑙 = 1 − 𝑀0
𝑖

(3)

where M0 and Mi are the masses of the water droplets per milliliter in the downstream and
upstream samples, respectively. A sample of these calculations preformed for each sample is
given in Appendix B: Sample Calculations.
4.6.1 First Water-ULSD Separation Results
The first experiment run was only able to run for 40 minutes due to the diesel supply
running low. The nanofibers filters used were non-cross-linked PS nanofibers. 3 sets of upstream
and downstream samples were taken and the total efficiency for the flat-sheet wrapped tubular
filters and direct tubular filters were calculated. The following table shows the upstream and
downstream water droplet mass distribution for the two different types of filters fabricated.
Table 5: Filtration Efficiencies for the first water-ULSD separation experiment using non-crosslinked 20 wt. % PS
fibers with a basis weight of 20 g/m2.

Filter Type

Time
(minutes)

Up Stream
Concentration

Downstream
concentration

Efficiency

%
Efficiency

0

2.18E-06
1.80E-06

5.75E-08
1.03E-06

0.974
0.426

97.4
42.6

2.11E-05
1.85E-06
1.58E-06

1.30E-06
7.02E-07
1.13E-06

0.938
0.620
0.285

93.8
62.0
28.5

8.05E-06

1.49E-06

0.815

81.5

Flat-Sheet
Wrapped
Tubular filters

20
40

Directly spun
Tubular filters

0
20
40
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It can be seen from the Table 5 that the initial efficiency of the flat-sheet wrapped filter
was 97% and the efficiency of the directly spun filter was only 62%. The difference in initial
efficiency can be explained through a number of reasons. The foremost reason for the lower
efficiency on the directly spun filters is due to the fact that the when the fibers are collecting on
the spring, it is possible for them to pass through the small openings between each coil. When
this happens, some of the fibers are collected between the coils rather than on the surface,
making it easier for the water to pass through the filter. This ultimately lowers the efficiency of
the directly electrospun tubular filter. Throughout the entire course of the experiment, this trend
was observed. Overall, the flat-sheet wrapped tubular filters initially had a high filtration
efficiency and were effective in separating water from diesel.
The presence of water in fuel makes it appear cloudier than diesel fuel without water in it.
This change can be qualitatively observed between diesel samples. The image in Figure 17
demonstrates this. The image shows an upstream sample of water-ULSD next to the
corresponding downstream sample with the water removed. It can be seen that the sample on the
left is cloudier than the sample on the right. This indicates that the downstream sample has had
water removed from the diesel by the filter.

Downstream
Sample

Upstream
Sample

Cloudy

Clear

Figure 17: Image showing the difference between an upstream sample (left) of water-ULSD and its corresponding
downstream sample (right) with water removed.
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After the filtration was run for 20 minutes, another set of upstream and downstream
samples was taken and analyzed. The separation efficiency for the flat sheet wrapped tubular
filters was determined to be 42% and the directly spun tubular filters were 29%. This is a
dramatic decrease in filtration efficiency from the initial samples taken. It is believed that this
drop in efficiency in both filters is due to the degradation of the fibers throughout the course of
the experiment. This would allow some of the water droplets to pass through the filter,
decreasing its efficiency.
The final round of samples was taken when the experiment had been running for 40
minutes. The filtration efficiency for the flat sheet wrapped filters and the directly spun tubular
filters based on water droplet concentration was determined to be 93% and 82%, respectively.
The sudden increase in the filtration efficiency for bother filters can be attributed to the diesel
feed tank running out. The diesel tank has a capacity of 5 gallons and the agitator only reaches to
approximately 2 inches off of the bottom of the tank. Because of this, when the fluid level in the
tank is below the agitator, nothing is stirring up the water droplets so they all settle in the bottom
of the tank. When this happens, a large amount of water is introduced into the filter and the
upstream sample because saturated with water. This can be seen in the overall data set for the
filtration experiment in that the mass of the upstream water droplets is higher than the previous
upstream samples pulled. Since the upstream sample contains so much water, when it is
compared with the downstream sample, the filtration efficiency appears to be much greater.
The overall results of the first set of experiments indicated that the flat-sheet wrapped
filters separated the water from the diesel more efficiently than the directly spun tubular filters.
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4.6.2 Second Water-ULSD Separation Results
Crosslinked fiber mats were tested in the second set of filtration experiments. The
crosslinking of the fibers was meant to make the fibers stronger and ultimately perform better in
the separations experiment. These cross-linked fiber mats tested under the same conditions as the
non-cross-linked fibers. It was expected that the cross-linked filters would have greater filtration
efficiency due to the modified surface properties of the fibers. The results of the filtration
experiments are listed in Table 6.
Table 6: Filtration efficiencies for the second water –ULSD separation experiment. This experiment used crosslinked 20 wt. % PS nanofibers with a weight basis of 20 g/m2.

Filter Type

Time
(minutes)
0

Wrapped FlatSheet Tubular
Filters

20
40

Directly-Spun
Tubular Filters

0
20
40

Upstream
Downstream
Concentration Concentration

Efficiency

%Efficiency

7.76E-07
8.20E-07

9.91E-08
6.71E-07

0.87
0.18

87.22
18.19

3.03E-06
6.11E-07
9.02E-07

2.57E-06
3.26E-08
5.59E-07

0.15
0.95
0.38

15.25
94.66
38.03

4.00E-06

3.91E-06

0.02

2.11

It can be seen from the table above that the filtration efficiencies for both filters greatly
decreased after the initial sample was taken. The initial sample showed filter efficiencies of 87%
and 95% for the flat sheet wrapped tubular filters and the directly spun tubular filters
respectively. After the experiment was allowed to run for 20 minutes, the second set of samples
was pulled. These samples gave efficiencies of 18% and 38% for the flat-sheet wrapped and
directly spun tubular filter, respectively. After the final sample was pulled at 40 minutes, the flatsheet wrapped filter was found to have an efficiency of 15% while the directly spun filter had a
final efficiency of only 2%.
It is interesting to note that the trend observed in the first set of experiments was not
followed in the second set in that the wrapped sheet tubular filters did not perform better than the
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directly spun filters (in the first two measurements). One possible reason for this can be
attributed to how the two samples were cross-linked. Only one side of the flat sheet filter was
cross-linked and the cross-linked side of the filter was placed facing the inside of the spring
when it was made. Conversely, the fibers on the springs were directly cross-linked while still on
the spring. Due to this, the cross-linked side of the fibers was facing out from the spring. These
differences could attribute to the faster degradation of the wrapped sheet tubular filters and the
lower efficiency.
Additionally, the very act of crosslinking the fibers itself could be a cause for the directly
spun filters preforming better than the flat sheet wrapped filters. Additional research and testing
should be completed in order to determine the effect that crosslinking has on the fibers and the
overall filtration efficiency of the fibers in removing water from ULSD. Overall, the results of
the experiment indicate that the cross-linked directly spun tubular filters have a higher efficiency
compared to the wrapped-sheet flat tubular filters.
4.6.3 Third Water-ULSD Separation Results
A third filtration experiment was run using cross-linked PS fibers in order to determine if
crosslinking the fibers improved the filtration efficiency compared to non-cross-linked fibers.
The experiment was run using the same conditions as the previous two. After the initial upstream
and downstream samples were taken and analyzed, the overall filtration efficiency was
determined to be 57% for the directly spun tubular filters and -27% for the flat sheet wrapped
tubular filters. The negative filtration efficiencies for the wrapped filters is believed to be caused
by the formation of a hole in at least one of the springs of the filter. The hole would allow water
to easily flow through the filter. This would greatly decrease the efficiency of the filter and if

33

water accumulated on the upstream side of the filter suddenly passed through the filter the
downstream side would have a sudden increase in concentration above the inlet concentration.
A second set of samples was pulled after 20 minutes in order to validate whether the
negative efficiency was a realistic result or if it was simple due to error in sampling. The second
round of results showed that the filtration efficiency of the directly spun filters was -26% and it
was -29% for the wrapped sheet filters. With both results being negative, the filtration
experiment was stopped and the filters were taken apart for evaluation. Upon examination, it was
discovered that both of the filters had small holes in some of the springs. This explains the
negative efficiencies for both of the filters. Table 7 lists the filtration efficiencies determined
from the third water-ULSD separation experiment.
Table 7: Filtration efficiencies from third water-ULSD separation experiment using cross-linked 20 wt. % PS
fibers with a weight basis of 20 g/m2 .

Filter Type
Wrapped Flat-Sheet
Tubular Filters
Directly Spun
Tubular Filters

Time
(minutes)
0
20
0
20

Upstream
Downstream
Concentration Concentration Efficiency %Efficiency
1.19E-06
1.52E-06
-0.28
-27.72
1.13E-06
1.46E-06
-0.29
-29.17
1.57E-06
6.89E-07
0.56
56.21
1.28E-06
1.62E-06
-0.27
-26.60

Based on the negative efficiencies and holes found in the filters, no direct conclusion could be
drawn from the third water-ULSD separation experiment.
4.7 Cross-linked vs. Non-cross-linked Data Analysis
The two experiments run directly compared the performances of the flat-sheet wrapped
filters and the directly spun filters. Due to time limitations, more filtration experiments could not
be run, but are recommended in future work. When the data was compiled from the two
successful experiments, a comparison was then made between the performances of the crosslinked and non-cross-linked filters. The goal was to determine whether crosslinking had any
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effect on the % Efficiency of the filtration. The cross-linked and non-cross-linked flat sheet
wrapped filters were compared side-by-side as well as the directly spun filters. Table 8 lists the
filtration efficiencies for both sets of filters. It can be seen that the non-cross-linked flat-sheet
fibers performed better than the cross-linked fibers. In regards to the directly spun filters, the
cross-linked version had better filtration efficiencies than the non-cross-linked fibers.
Table 8: Efficiencies for Crosslinked and Non-Crosslinked PS Filters

Time
0
20
40

Flat sheet wrapped
Non-crossCrosslinked
linked
97.36
87.22
42.64
18.19
93.85
15.25

Directly Spun
Non-crossCrosslinked
linked
62.00
94.66
28.49
38.03
81.49
2.11

Additional experiments should be run comparing the cross-linked and non-cross-linked fibers in
order to validate whether one has a better separation efficiency than the other.
5. Conclusions:
The overall purpose of this research was three-fold. First, to determine the
electrospinning conditions to produce superhydrophobic nanofibers from a solution of
polystyrene and dimethylformamide. Second, to fabricate tubular filters by direct electrospinning
and by wrapping PS fiber mats. Third to run filter experiments to determine (a) whether filters
made from flat sheet fibers wrapped around springs performed better than filters made from
fibers directly electrospun onto springs, and (b) whether crosslinking the PS fibers improved the
performance of the PS mats in the filtration tests.
Three different concentrations of PS (15 wt.%, 17 wt.%, and 20 wt.%) were evaluated to
see which formed superhydrophobic nanofiber mats. The solution of 15 wt. % PS gave nanofiber
mats having an average water contact angle of 129°. Nanofiber mats electrospun from a 17 wt. %
solution had an average water contact angle of 135°. The 20 wt. % produced mats with an
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average contact angle of 153.1°. Based on these results only the 20% PS solution with basis
weight of 20g/m2 produced superhydrophobic nanofiber mats.
Once the optimal conditions were determined, the nanofibers that were electropspun were
made into two different types of tubular filters. Flat sheets of 20 wt. % PS fibers were wrapped
around tubular springs to create the first type of filter; and 20 wt. % PS fibers were directly
electrospun onto springs to create the second type. These filters were tested separate a mixture of
water and ULSD in order to determine which type would have a better filtration efficiency.
The experiments were run for 40 minutes and efficiencies determined every 20 minutes.
The initial efficiencies (at ~0 minutes) of the wrapped flat sheet filters was determined to be 97%
with directly spun tubular filter’s efficiency being only 62%. The second measurements (at 20
minutes) showed a drastic decrease of filtration efficiency for both types of filters. The third
measurements (at 40 minutes) were found to be unreliable because of the low liquid content in
the ULSD tank that may have affected the water concentration. Tentatively, the results of the
filtration experiment indicated that the tubular filters made from flat-sheets of fibers wrapped
around springs performed better than the directly spun tubular filters.
To improve the fiber mat properties, the fiber mats were crosslinked using UV light.
Filtration experiments were run with the crosslinked PS fiber mats similar to the non-crosslinked
mats. The initial (~0 minute) efficiencies of the wrapped flat sheet filter and the directly spun
filter were 87% and 95% respectively. The 20 minute efficiencies were 18% and 38%,
respectively. The third measurements (at 40 minutes) were found to be 15% for the wrapped
sheet filter and 2% for the directly spun filter.
Based on the efficiencies of the cross-linked filters, it was concluded that the directly
spun tubular filters performed better than wrapped flat sheet filters. The crosslinked PS fiber
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mats performed better than the non-crosslinked filters. These results are tentative because of
some limitation in the scheduling of the experiments and the need to replicate the results.
Further experiments should be conducted to the flat sheet wrapped filters to the directly spun
filters as well as comparing cross-linked filters to non-cross-linked filters.
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7. Appendix A: Sample Calculations
Efficiency by individual water drop size:
𝑛 (𝑥)

𝐸(𝑥) = 1 − 𝑛0(𝑥)
𝑖

n0(x): number of water drops per millimeter of size x in within the size range Δx in the
downstream sample
ni(x): number of drops per millimeter of the same size x in the same size range in the upstream
sample.

The mass of water droplets:
𝜋
𝑀 = Σ𝜌 (𝐷𝑗 )3 𝑛𝑗
6
Dj :diameter of the drops being measured
nj: number of those drops at that diameter
Overall separation efficiency:
𝐸𝑇𝑜𝑡𝑎𝑙 = 1 −

𝑀0
𝑀𝑖
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M0 : mass of water droplets per millimeter downstream
Mi :mass of the water droplets per millimeter upstream
Example Calculation for crosslinked PS nanofibers
Mass of water droplets
Upstream mass for 34 water drops with a diameter of 2.024µm
𝑀 = 998 ∗

𝜋
∗ (2.024)3 ∗ 34𝑥10−18
6

𝑀 = 1.47𝑥10−13
Downstream mass for 73 drops with a diameter of 2.024 µm
𝑀 = 998 ∗

𝜋
∗ (2.024)3 ∗ 73𝑥10−18
6

𝑀 = 3.16𝑥10−13
The mass was calculated for the entire distribution of water droplets and then summed. The total
mass was then used in the total efficiency calculation that follows.
Overall Separation Efficiency
6.89𝑥10−7
𝐸𝑇𝑜𝑡𝑎𝑙 = 1 −
1.57𝑥10−6
𝐸𝑇𝑜𝑡𝑎𝑙 = 0.562
𝐸𝑇𝑜𝑡𝑎𝑙 = 56.2%
8. Appendix B: Water Contact Angle Raw Data
Intrinsic Water Contact Angle
Table 9: Intrinsic Water Contact Angle for 15 wt. % PS-DMF

No.
0-0
0-1
0-0
0-0
0-0
0-0

Age [h:m:s:ms]
00:06:41:334
00:10:53:762
00:02:00:622
00:06:39:820
00:10:20:881
00:15:19:926
Average

Theta(M)[deg]
IFT [mN/m]
Vol [ul]
Area [mm*2] BD [mm]
92.8
58.29
3.9
9.51
2.456
93.6
3.78
0.612
2.78
1.393
100.5
0.736
3.15
1.271
102.1
2.47
7.08
1.903
126.5
5.7
13.03
2.001
111.6
2.64
7.49
1.819
104.5
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Table 10: Intrinsic Water Contact Angle for 17 wt. % PS-DMF

No.
0-0
0-1
0-0
0-0
0-1
0-2

Age [h:m:s:ms]
00:18:11:538
00:18:43:803
00:21:07:327
00:22:56:567
00:23:58:994
00:27:46:698
Average

Theta(M)[deg]
95
107.4
98.8
104.8
105.4
109.1
103.4

IFT [mN/m]

Vol [ul]
5.16
5.16
4.94
10.62
10.5
11.95

Area [mm*2]
11.46
11.48
11.18
18.78
18.62
20.16

BD [mm]
2.608
2.583
2.473
3.026
3.031
3.309

Table 11: Intrinsic Water Contact Angle for 20 wt. % PS-DMF

No.
0-0
0-0
0-0
0-0
0-0
0-0

Age [h:m:s:ms]
00:37:45:658
00:39:13:819
00:41:47:406
00:48:54:613
00:56:18:024
00:58:11:104
Average

Theta(M)[deg]
98.6
104
112
110.1
108.6
104.2
106.25

IFT [mN/m]

Vol [ul]
3.67
4.89
4.86
3.82
0.942
0.535

Area [mm*2]
9.16
11.17
11.3
9.58
3.69
2.57

BD [mm]
2.252
2.369
2.135
2.052
1.522
1.431

Area [mm*2]
4.88

BD [mm]
2.296

Table 12: Intrinsic Water Contact Angle for Glass

No.
0-0

Age [h:m:s:ms]
00:46:57:664

Theta(M)[deg]
55.5 ± 0.33

IFT [mN/m]

Vol [ul]
1.06
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Water Contact Angle
Table 13: Water Contact Angle for 15 wt. % PS nanofibers

Age
Theta(L)[deg] Theta(R)[deg] Theta(M)[deg]
[sec]
82.437
127.4
127.4
127.4
92.423
128.2
128.2
128.2
161.746
122.9
122.9
122.9
564.345
130.6
130.6
130.6
894.283
132.6
132.6
132.6
1034.742
128.3
128.3
128.3

Vol
[ul]
2.56
2.43
2.39
1.47
3.65
3.58

Area
[mm*2]
7.43
6.87
8.54
7.65
7.42
6.91

1058.453

130.3

3.42

6.89

Average

128.6

130.3

130.3

System
Water
Water
Water
Water
Water
Water
Water

IFT
[mN/m]

27.72
28.55

Fit-Er
[um]
1.03
1.53
2.97
2.21
3.3
2.56

35.97

1.76

12.64

Method
T-1
T-1
L-Y
T-1
L-Y
L-Y
L-Y

Table 14: Water Contact Angle for 17 wt. % PS nanofibers

Age
[sec]

Theta(L)[deg]

72.337
102.119
161.746
174.507
271.393
185.191
Average

130
128.7
136.4
131.9
129.5
144.6
133.5

Theta(R)
[deg]
130
128.7
136.4
131.9
129.5
144.6

Theta(M)
[deg]
130
128.7
136.4
131.9
129.5
144.6

Vol [ul]
3.24
3.15
3.4
3.34
3.37
1.84

Area
[mm*2]

System

IFT [mN/m]

9.03
8.84
9.42
9.22
9.2
6.47

Water
Water
Water
Water
Water
Water

48.05
44.77
28.55
32.9
35.97
27.72

FitEr
[um
]
3.3
2.21
1.53
1.76
0.44
2.56

Method
L-Y
L-Y
L-Y
L-Y
L-Y
L-Y
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Table 15: Water Contact Angle for 20 wt. % PS nanofibers

Age
[sec]

Theta(L)[deg] Theta(R)[deg] Theta(M)[deg]

1068.252
174.438
178.859
283.33
1880.902
1906.275
Average

151.1
153.5
155.7
170.5
141.8
149.3
153.65

151
153.5
155.7
170.5
141.8
149.5

151
153.5
155.7
170.5
141.8
149.5

Vol
[ul]

Area
[mm*2]

System

0.484
2.01
1.98
0.136
0.948
1.28

2.81
6.87
6.82
1.27
4.24
5.18

Water
Water
Water
Water
Water
Water

IFT
[mN/m]
12.64
11.16

Fit-Er
[um]

Method

0.75
1.46
2.97
1.03
7.66
9.52

T-1
L-Y
L-Y
T-1
T-1
T-1

9. Appendix C: Fiber Diameter Raw Data
Table 16: Average Fiber Diameter Raw Data for 15 wt. % fibers

Image
#

1
2
3
4
5

Fiber Diameter (µm)
Sample ID
Image 3 (x1.8k)
- 1.jpg
Image 17
(x1.0k) - 1.jpg
Image 20
(x1.5k).jpg
Image
8(x4.0k).jpg
Image 21
(x2.0k).jpg

Average (All)

Average
Orientation
(°)

Measurement
Resolution
(µm/pixel)

# of
Measurements

Image
Area
Analyzed
(%)

Average

Std
Dev

Median

0.801

0.262

0.764

86

0.088

1934

92%

2.030

0.843

1.964

115

0.159

1236

91%

1.571

0.803

1.397

92

0.106

1495

92%

0.804

0.270

0.745

118

0.040

1030

92%

1.647

0.825

1.596

99

0.079

870

91%

1.371

0.601

1.293

102

0.094

1313.

91%
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Table 17: Average Fiber Diameter Raw Data for 17 wt. % fibers

Image
#

Sample ID

17% sample 1
50um.jpg
17% sample 1
2
50um-2.jpg
Average (All)
1

Fiber Diameter (µm)

Average
Orientation
(°)

Area
Coverage
(%)

Measurement
# of
Resolution
Measurements
(µm/pixel)

Image
Area
Analyzed
(%)

Average

Std
Dev

Median

0.700

0.324

0.633

62

36%

0.132

4107

92%

1.081

0.487

0.987

99

18%

0.133

1340

91%

0.891

0.406

0.810

81

27%

0.132

2723.

91%

Table 18: Average Fiber Diameter Raw Data for 20 wt. % fibers

Image
#

Sample ID

20%PS X1000 1
new.jpg
20%PS X1000 3 2
new.jpg
Average (All)

Fiber
Diameter
(µm)

Average
Measurement
# of
Orientation
Resolution
Measurements
(°)
(µm/pixel)

Image
Area
Analyzed
(%)

Average

Std
Dev

Median

1.932

0.549

1.914

74

0.159

1096

100%

1.612
1.772

0.601
0.575

1.550
1.732

74
74

0.159
0.159

1454
1275.

91%
96%

43

10. Appendix D: Filtration Efficiency Raw Data
Table 19: Filtration Efficiency Data for 20 wt. % non-crosslinked nanofibers

Filter Type
Wrapped FlatSheet Tubular
Filters
Directly-Spun
Tubular Filters

Upstream
Concentration

Downstream
Concentration

Efficiency

%Efficiency

2.18E-06
1.80E-06

5.75E-08
1.03E-06

0.97
0.43

97.36
42.64

2.11E-05
1.85E-06
1.58E-06

1.30E-06
7.02E-07
1.13E-06

0.94
0.62
0.28

93.85
62.00
28.49

8.05E-06

1.49E-06

0.81

81.49

Table 20: Filtration Efficiency Data for 20 wt. % crosslinked nanofibers

Filter Type
Wrapped FlatSheet Tubular
Filters
Directly-Spun
Tubular Filters

Upstream
Concentration

Downstream
Concentration

Efficiency

%Efficiency

7.76E-07
8.20E-07

9.91E-08
6.71E-07

0.87
0.18

87.22
18.19

3.03E-06
6.11E-07
9.02E-07

2.57E-06
3.26E-08
5.59E-07

0.15
0.95
0.38

15.25
94.66
38.03

4.00E-06

3.91E-06

0.02

2.11

Table 21: Filtration Efficiency Data for 20 wt. % crosslinked nanofibers

Filter Type
Wrapped FlatSheet Tubular
Filters
Directly Spun
Tubular Filters

Upstream
Concentration

Downstream
Concentration

Efficiency

%Efficiency

1.19E-06

1.52E-06

-0.28

-27.72

1.13E-06
1.57E-06

1.46E-06
6.89E-07

-0.29
0.56

-29.17
56.21

1.28E-06

1.62E-06

-0.27

-26.60
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